Values for hydraulic conductivity range from less than 1 foot per day to more than 1,000 feet per day. The values are log normally distributed; thus, the geometric mean was used to represent a typical hydraulic conductivity. The geometric mean hydraulic conductivity for the entire study area was 55 feet per day from aquifer-test analyses and 71 feet per day from specific-capacity data.
A two-way analysis of variance was performed on the combined estimates of hydraulic conductivity that were grouped into 10 model layers and 9 areas within the overall study area. Results of this analysis indicate that area, layer, and the interaction of area and layer were all significant in explaining the variation of hydraulic conductivity at a probability level of 0.001. Thus, comparisons of means were done for each area and layer combination. Overall, the highest geometric means generally were in model layer 11 which corresponds to the upper Pleistocene and younger deposits along the coast of the Gulf of Mexico and the alluvium of the Mississippi River. Within each model layer, the geometric mean increased from areas along the western part of the study area to the eastern part, which indicates that the deposits near the Mississippi River might be more permeable than elsewhere.
Two separate analysis of covariance were performed on the estimates of hydraulic conductivity to determine if variations within each area and layer combination could be explained by depth of the well or by the thickness of sand beds throughout the perforated interval of the well. Results of these analyses indicate that depth to the middle of the perforated or screened interval was significant at the probability level of 0.02 and that sandbed thickness was not significant at the probability of 0.10. In the analysis with depth, hydraulic conductivity decreased as a function of depth in a majority of area and layer combinations.
INTRODUCTION
The method commonly used to represent a heterogeneous aquifer system in the simulation of three-dimensional ground-water flow is to conceptualize the system as an equivalent homogeneous anisotropic system. An aquifer system is represented in model simulations as discrete blocks in which an effective hydraulic conductivity is assigned to each of the three principle directions (two horizontal, one vertical). These effective values correspond to some combination of the hydraulic conductivities of the different lithologies present in each block.
The effective hydraulic conductivity assigned to model blocks depends on the geometry of the different lithologies and on the scale used in the simulation of ground-water flow (Freeze, 1975) . In the case where a heterogeneous aquifer system is composed of alternating beds of different lithologies (for example sand and clay beds) whose extent exceeds that of a model block ( fig. la) , the effective hydraulic conductivity parallel to the layering of sediments (usually the horizontal directions) is commonly calculated as being equal to the arithmetic mean of the hydraulic conductivity of the individual beds weighted by the thickness of each (Bear, 1972, p. 154) . The effective hydraulic conductivity perpendicular to the layering (usually vertical) is calculated as being equal to the harmonic mean of the hydraulic conductivity of the individual beds.
In aquifer systems where individual beds of both coarse-and fine-grained deposits are considerably smaller in extent than model blocks, and the beds are randomly distributed within the blocks ( fig. Ib) , the effective hydraulic conductivity in any direction is equal to the geometric mean of the hydraulic conductivity of the individual beds. However, in aquifer systems where the individual beds vary from smaller than to larger than the model blocks ( fig.  Ic) , the effective hydraulic conductivity in the horizontal direction is between the geometric and arithmetic means, and the effective hydraulic conductivity in the vertical direction is between the harmonic and geometric means (Fogg, 1989, p. 46) . The latter case is typical of aquifer systems in the Gulf Coastal Plain, and may be common in aquifer systems elsewhere.
Several investigators (summarized by Neuman, 1982, p. 83) have observed that the frequency distribution of hydraulic conductivity is generally log normal for a variety of aquifer materials. This suggests the arithmetic mean may not be appropriate for determining the hydraulic conductivity of a particular bed; rather the geometric mean (mean of the log transformed values) of the hydraulic conductivities may be more appropriate. The geometric mean was determined by Warren and Price (1961) to be the most appropriate value for the effective hydraulic conductivity when a sand was composed of heterogeneous sizes with no spatial correlation. Gutjahr and others (1978) derived equations for two-dimensional flow in an isotropic system where the distribution of hydraulic conductivity was assumed log normal. They concluded that the geometric mean was the appropriate value when representing the system with one representative hydraulic conductivity. This was the same conclusion as discussed by Matheron (1967) . For three-dimensional flow, however, Gutjahr and others (1978, p. 956) determined that the effective hydraulic conductivity was slightly more than the geometric mean.
Thus, for a layered system, it may be best to approximate the hydraulic conductivity of each layer using the geometric mean prior to converting it into an equivalent homogeneous anisotropic system.
The main purpose of this report is to present the spatial distribution and statistical summaries of hydraulic conductivities estimated from numerous aquifer tests and specific capacities within the aquifer systems of the Gulf Coastal Plain ( fig. 2 ). These aquifer systems Figure 2 . Location of study area, aquifer systems, and geographies areas. (Modified from Mesko and others, 1990) are being studied as part of the Regional Aquifer-System Analysis (RASA) program of the U.S. Geological Survey (Grubb, 1984) . Included in the study is the regional simulation of ground-water flow.
The simulation model uses a finite-difference numerical scheme to solve the differential equation of ground-water flow in three dimensions (Kuiper, 1985) . The aquifer systems are divided into model blocks with horizontal dimensions of 10 miles by 10 miles. Ten model layers are used to simulate vertical flow (Williamson, 1987) . The effective horizontal and vertical hydraulic conductivity for each finite-difference block is calculated in the simulation on the basis of the sand percentage and a hydraulic conductivity for sand and fine-grained beds using a technique described by Desbarats (1987) . The estimates of hydraulic conductivity from aquifer tests and specific capacities are assumed to represent the hydraulic conductivities of the sand beds because most wells are screened opposite the more productive zones.
This report describes the methods used to estimate hydraulic conductivities from aquifer tests and specific capacity data, and discusses the results of statistical analyses of the data. The distributions of estimated hydraulic conductivities presented herein will be used in evaluating the results of the model simulations.
DESCRIPTION OF THE STUDY AREA
The study area includes the Gulf Coastal Plain in parts of Alabama, Arkansas, Florida, Illinois, Kentucky, Mississippi, Missouri, Tennessee, Texas, and all of Louisiana ( fig. 2) . It covers an area of about 230,000 square miles on land and an additional 60,000 square miles of sediments beneath the Gulf of Mexico.
Three regional aquifer systems have been delineated in the study area (Grubb, 1984) . These are the coastal lowlands, Texas coastal uplands, and Mississippi embayment aquifer systems ( fig. 2) . The aquifer systems are further divided into 9 areas and 17 geohydrologic units on the basis of geology, hydrology, and topography (Mesko and others, 1990; Grubb, 1987) .
The aquifer systems are comprised of Tertiary and younger sediments that are predominately alternating beds of sand and clay with some interbedded gravel, silt, lignite, and limestone. The sediments generally dip towards the Gulf of Mexico geosyncline becoming thicker and finer-grained downdip. The downdip extent of the aquifer systems are terminated where the sediments grade into clays or where above normal pressures (geopressures) are present (Hosman and Weiss, in press ).
The Mississippi embayment and Texas coastal uplands aquifer systems underlie the northern part of the coastal lowlands aquifer system and are separated from it by the Vicksburg-Jackson confining unit. This unit is primarily a marine clay, with marl and limestone and is present throughout much of the study area. The boundary between the Texas coastal uplands and Mississippi embayment aquifer systems is along the Sabine arch and uplift (Grubb, 1984; Hosman and Weiss, in press) . Quaternary alluvium of the Mississippi River is included in both the Mississippi embayment and coastal lowlands aquifer systems. These deposits overlie an extensive area of Tertiary sediments and provide a lateral hydraulic connection between the Mississippi embayment aquifer system and the coastal lowlands aquifer system in east-central Louisiana.
The three aquifer systems were divided into geohydrologic units to quantitatively describe the ground-water hydrology of the study area (Hosman and Weiss, in press and Weiss, in press ). The geohydrologic units for the aquifer systems are summarized in table 1. The figure 3 . The numbering scheme presented in table 1 and figure 3 correspond to layer numbers used in the simulation model. Model layers 2 through 11 identify aquifers and are numbered sequentially from oldest to youngest deposits (generally from north to south in outcrop). Layer 11 also includes the Mississippi River Valley alluvial aquifer. Model layers 12 through 17 identify principle confining units and also are numbered from oldest to youngest deposits.
The relation of model layers is shown in a schematic section through the study area ( fig. 4) . Regional trends in hydraulic conductivity for the study area were evaluated on the basis of these model layers.
The geohydrologic units are overlain by recent alluvial sediments in many areas but particularly along the Mississippi River. The geohydrologic units for the Texas coastal uplands and Mississippi embayment aquifer systems were delineated by Hosman and Weiss (in press) on the basis of predominant lithology (sand or clay). Generally, stratigraphic units consist of a predominant lithology. Thus, stratigraphic and geohydrologic units generally coincide. However, the boundaries between geohydrologic units do not always correspond to the boundaries between stratigraphic units in areas where the lithology near the top or base of a stratigraphic unit is different from the predominant lithology used to define the geohydrologic unit.
The coastal lowlands aquifer system was more difficult to divide into geohydrologic units because distinct lithologic units can not be correlated from one area to the next. Because of this difficulty, the aquifer system was divided into five permeable zones on the basis of permeability contrasts as inferred from geophysical logs, intervals of pumped zones, and variations of vertical hydraulic gradients (Weiss, in press, and Weiss and Williamson, 1985) . Two confining units were also delineated but the units do not extend over the entire area.
METHODS OF ESTIMATING HYDRAULIC CONDUCTIVITY
Two types of data were available for estimating hydraulic conductivity in the study area: (1) Data from aquifer tests compiled especially for this study, and (2) specific-capacity tests that had been entered into the U.S. Geological Survey's WATSTORE database prior to the beginning of this study. How each of these data sources were analyzed to provide regional estimates of hydraulic conductivity is described in this section.
Aquifer Tests
Data from aquifer-test analyses kept in files of each of the U.S. Geological Survey offices within the study area were compiled and entered into a computer file. Data entered into the computer file for each test included: (1) the location of the test (state, county or parish, and 25-square-mile block coordinates of the pumped well); (2) altitude of land surface; (3) the number of wells used to measure water-level changes; (4) total time of test; (5) pumping rate; (6) drawdown in pumped well; (7) depth to bottom of pumped well; (8) screened interval of pumped well; (9) thickness of sand in test interval; (10) estimate of transmissivity and storage coefficient; (11) specific capacity of pumped well; (12) type of test (drawdown or recovery); and (13) a subjective rating of test (good, fair, and poor). An example of the format used to enter the data into the computer file is presented by Martin and Early (1987, p. 3 Estimates of transmissivity were determined from drawdown or recovery parts of the tests. Most of the analyses from aquifer tests have been previously published. Results of aquifer tests from Tertiary sediments in the Mississippi embayment were published by Hosman and others (1968) ; results of aquifer tests in Texas by Myers (1969) ; in Mississippi by Newcome (1971) ; and in Louisiana by Martin and Early (1987) .
Data from more than 2,500 aquifer tests were entered into the computer file. The tests were conducted by a variety of private companies and government agencies including well drillers, private consultants, state and local government agencies, and the U.S. Geological Survey and other federal agencies. The number of wells used in the tests ranged from a single pumped well to tests with six observation wells. Some of the tests were simple, using crude equipment and methods of measurement and analyses; others were more sophisticated.
In some wells, duplicate tests were conducted and consequently the computer file includes multiple estimates of transmissivity. An average transmissivity value was determined for wells with multiple estimates. In addition, many tests were not used in the statistical analyses of hydraulic conductivity because not all the necessary data were available to estimate hydraulic conductivity. Estimates of hydraulic conductivity were made from 1,557 wells. The distribution of these estimates are shown in figure 5 . Most of the tests are concentrated in Louisiana, Mississippi, and Texas. The distribution of aquifer tests assigned to model layers generally follows the outcrop or subcrop (areas beneath the Mississippi River alluvium) and slightly downdip of geohydrologic units shown in figure 3.
Hydraulic conductivity was estimated from the aquifer-test analyses by dividing the estimate of transmissivity with: 2. The thickness of the sand beds for tests in which estimates of transmissivity were determined from observation well(s); and 3. Twice the screened interval for tests in which estimates of transmissivity were determined from observation well(s) but the sand-bed thickness was unknown.
The factor of 2 was determined as the average ratio between the sand-bed thickness and screened interval from tests in which both were known.
Specific-Capacity Data
Specific-capacity data from the aquifer-test file and data retrieved from the U.S. Geological Survey's WATSTORE (Baker, 1977) database also were used to estimate hydraulic conductivities of sediments in the study area. Transmissivities from specific-capacity data were first estimated from data in the aquifer-test file for wells that also included an estimate of transmissivity from an aquifer test. The two estimates of transmissivity were then compared by regression to develop a relation between transmissivity estimates from specific-capacity data to those from aquifer tests. The relation was used to adjust all transmissivities estimated from specific-capacity data.
A total of 1,068 tests out of 2,518 tests in the aquifer-test file included both an estimate of transmissivity and a specific capacity value. Transmissivity was calculated from specific capacities using the method described by Theis and others (1963, p. 331-341 (1) where Q/s = specific capacity of a pumped well in gallons per minute per foot of drawdown; r = effective radius of pumped well in feet; S = storage coefficient in cubic feet of water per cubic feet of aquifer; t = time in days, and T = transmissivity in feet squared per day.
An iterative process was used to solve the equation because transmissivity is on both sides of the equation. An initial estimate of transmissivity of 1,000 ft2/day was assumed for T on the right side of equation 1 and a new transmissivity estimated from the equation (T on left side of equation). The new value of T was then substituted into the right side of the equation and the process repeated until the difference between transmissivity values on the right and left sides of the equation was less than the specified value of 10 ft2/d. Several assumptions were used to calculate transmissivity from specific capacity data. Storage coefficients used in the equation were estimated by assuming an average specific yield of 0.15 whenever the depth of the well was less than 150 ft or whenever the depth to the top of the perforations was less than 100 ft. Otherwise, a specific storage of 4 x 10" 6 per foot was assumed, which was multiplied by the length of the perforated section of the well. Wells where the perforated length was unknown were not included in the analyses. The effective radius of the well was assumed to be equal to the radius of the well. This assumption may result in too small of an estimate of the effective radius when the well is highly developed and in unconsolidated materials. For wells where the radius is unknown, the average well radius for all wells of .33 ft was used. Uncertainties in the storage coefficients and the effective radius result in generally small differences in the estimate of transmissivity because both are within the log term in equation 1.
Transmissivities calculated from specific-capacity data were regressed with corresponding estimates determined from aquifer-test analyses. Results of a simple least squares regression of the Iog 10 transformed values is shown in figure 6 . The correlation coefficient for the regression is 0.82 and the coefficient of determination (r-squared value) is 0.68. The correlation coefficient of non-transformed values is 0.43 and the coefficient of determination is 0.19. Comparison of transmissivities estimated from specific-capacity data with those determined from aquifer-test analyses indicates that estimates determined from specific-capacity data generally are less than those from aquifer-test analyses, although there is considerable scatter (fig. 6 ). The regression equation used to adjust transmissivities estimated from specificcapacity data is as follows:
LU < CO
where TRANS = adjusted transmissivity, in feet squared per day, and TSPECAP = estimated transmissivity from specific-capacity data, in feet squared per day.
The adjusted transmissivity value in equation 2 is increased by a lesser factor as the transmissivity from specific-capacity data values increase. For example: the adjusted transmissivity increases 2.4 times to 240 ft2/d when the estimate of transmissivity from specificcapacity data is 100 ft2/d. The adjusted transmissivity increases only 1.29 times to 51,700 ft2/d when the estimate of transmissivity from specific-capacity data is 40,000 ft2/d,.
Specific-capacity data from a total of 5,920 wells in the study area were used to calculate transmissivity using equations 1 and 2. Most of the data (5,429) were retrieved from the U.S. Geological Survey's WATSTORE database. The remaining data (491) were in the aquifer-test computer file. Calculations of transmissivity from specific-capacity data in the aquifer-test file were limited to tests of a single pumped well which did not have an estimate of transmissivity from aquifer-test analyses.
Hydraulic conductivity was estimated for each test by dividing the calculated transmissivity value by the length of the perforated interval. Hydraulic conductivity was not estimated for tests that did not have a value for the length of the perforated interval. Thus, the number of tests in which a hydraulic conductivity was estimated was decreased to 5,131. The distribution of tests that resulted in an estimate of hydraulic conductivity is shown in figure  7 . Figure 7a shows the distribution of tests where depth intervals of wells correspond to model layers 2 through 10. Figure 7b shows the distribution of tests where depth intervals of wells correspond to model layer 11. The distribution of tests for each model layer generally coincides with the outcrop areas of geohydrologic units shown in figure 3 and in areas somewhat downdip. The greatest number of tests are located in Louisiana and Mississippi.
DISTRIBUTION OF HYDRAULIC CONDUCTIVITIES
Attempts to contour estimates of transmissivity and hydraulic conductivity for each geohydrologic unit proved impossible because of the wide variation in values over short distances and because of uneven distribution of data. A statistically based approach was then used to describe the regional distribution of hydraulic conductivity in the study area and to determine regional values of effective hydraulic conductivity for sand beds.
Estimates of hydraulic conductivities from aquifer tests and specific-capacity data range from less than 1 ft/d to more than 1,000 ft/d. The frequency distribution of hydraulic conductivity is shown in figure 8 . A majority of hydraulic conductivities are less than 100 ft/d. The median values are 58 ft/d and 74 ft/d for estimates determined from aquifer test analyses and specific-capacity data, respectively, whereas the mean values are 138 ft/d and 163 ft/d, respectively. Neuman (1982, p. 83) summarized results of several investigators and concluded that the distributions of hydraulic conductivities, and transmissivities in aquifers generally is log normal. Logarithmically transforming the estimates of hydraulic conductivities from both A. Figure 8 Frequency distributions of hydraulic conductivities estimated from (a) aquifer-test analyses, and (b) specific-capacity data aquifer-test analyses and specific-capacity data resulted in normal distributions ( fig. 9 ). Because the distributions are log normal, geometric means were used to represent a typical hydraulic conductivity from individual values.
The mean of the log-transformed values estimated from 1,557 aquifer-test analyses is 1.74 (units are in Iog 10 ft/d) with a standard deviation of 0.63. The mean of the logtransformed values estimated from 5,131 specific capacities is 1.85 with a standard deviation of 0.58. The geometric mean from aquifer tests is 55 ft/d and from specific capacity is 71 ft/d; less than half the arithmetic means. Excluding estimates of hydraulic conductivities that exceed 1,000 ft/d resulted in a geometric mean from aquifer tests of 52 ft/d and from specific capacities of 68 ft/d. Values that exceed 1,000 ft/d were considered unreasonable for sediments in the study area and were not included in the final analyses. These values are less than 2 percent of the total number of estimates.
Estimates of hydraulic conductivity were first grouped by model layer for the purpose of comparing to parameter estimation results from simulations of regional ground-water flow in which sand hydraulic conductivities were allowed to vary by model layers. The hydraulic conductivities estimated from aquifer-tests analyses and specific capacity data are assumed to be the same as the sand hydraulic conductivities as wells are usually perforated next to the more permeable deposits. Statistics of hydraulic conductivity distribution by model layers are presented in table 2 and summarized in figure 10.
The number of hydraulic conductivity estimates from aquifer-test analyses ranged from 58 in model layer 2 to 231 in model layer 11 (table 2). The number of estimates from specificcapacity data ranged from 78 in layer 2 to 1,514 in layer 11, which was by far the largest group of estimates. Model layer 11 includes aquifers in the Mississippi River alluvial deposits and in the more recent deposits in the coastal lowlands (table 1, fig. 2 ). The range of hydraulic conductivity estimates from both aquifer-tests analyses and specific-capacity data were similar for each model layer ( fig. 10 ).
The absolute difference in geometric means between the two methods ranged from 0 in model layer 9 to 77 in layer 11. Although estimates of transmissivity from specific-capacity data were adjusted to account for differences in estimates between aquifer-test analyses and specific-capacity data, the adjustment is only based on a comparison of transmissivity from wells that include both estimates. Estimates of hydraulic conductivity from specific-capacity data do not include wells which also have estimates of hydraulic conductivity from aquifer-test analyses. Therefore, a paired T test was performed comparing difference in mean Iog 10 hydraulic conductivity between aquifer-test analyses and specific-capacity data for each layer to determine if the means from the two methods could be from the same population. Results from the paired T test indicate that the Iog10 means from the two methods could be from the same population, thus, individual estimates from both aquifer-tests analyses and specific-capacity data were combined and statistics generated for all estimates in a model layer (table 2). The statistics of the combined values generally approximate the statistics from specific-capacity data because of the greater number of estimates.
The geometric mean of the combined values is least for model layer 3 (20 ft/d); greatest for layer 11 (156 ft/d), and nearly the same for layers 4 through 10 (43 ft/d to 66 ft/d; fig. 10 ). The 25 and 75 percentiles and median values are also similar for layers 4 through 10 suggesting, on a regional basis, that these layers may have similar aquifer properties.
Estimates of hydraulic conductivity were also grouped by areas delineated within the study area ( fig. 2 ) and statistics calculated to determine if there were differences in hydraulic conductivity between areas which could be useful in the regional simulation of ground-water flow. Statistics of hydraulic conductivity distribution by areas are presented in table 3 and summarized in figure 11 . Analyses do not include estimates of hydraulic conductivity that exceed 1,000 feet per day. Values exceeding 1,000 feet per day are considered unreasonable for sediments in the study area. A total of 25 hydraulic conductivities estimated from aquifer-test analyses exceed 1,000 feet per day whereas 60 values estimated from specific-capacity data exceed 1,000. 
Figure 10
Variation among model layers of hydraulic conductivities determined from aquifer-test analyses and specific-capacity data Hydraulic conductivities exceeding 1,000 feet per day were not included in the analyses. Five values from specific-capacity data and one value from aquifer-test analyses were assigned to area 10 which is the area just offshore from the coastline. Either the locations of these wells are slightly in error or the wells were drilled on small islands. The number of hydraulic-conductivity estimates from aquifer-test analyses ranged from 23 in area 1 to 340 in area 7. The number of estimates from specific-capacity data ranged from 29 in area 6 to 1,330 in area 8. About 50 percent of all the estimates from specific capacity data are in areas 8 and 9, which includes southern Louisiana and Mississippi.
The range of hydraulic conductivity from both aquifer-test analyses and specificcapacity data were similar for all areas ( fig. 11 ). In some areas (for example, areas 3 and 7), the range in hydraulic conductivity from aquifer-test analyses is greater than the range in hydraulic conductivity from specific capacity and in other areas (for example, areas 5 and 9), the range in hydraulic conductivity from specific-capacity data is greater.
The absolute difference in geometric mean hydraulic conductivity between aquifer-test analyses and specific-capacity data ranged from 7 in areas 1 and 7 to 37 in area 5. A paired T test comparing the difference in mean Iog 10 of hydraulic conductivity between aquifer-test analyses and specific-capacity data for each area indicates the Iog 10 means from the two methods could be from the same population. Thus, individual estimates of hydraulic conductivity from both methods were combined and statistics calculated for all the estimates in an area (table 3) .
In general, variations in the geometric mean and median between areas from the combined estimates were as large as variations in the geometric mean and median between layers (compare figs. 10 and 11). The geometric mean of the combined values generally increased from areas in the western part of the study area to areas in the eastern part ( fig. 12 ). Similar trends were observed between geometric mean and median values calculated from both aquifer-test analyses and specific-capacity data (table 3 and fig. 11 ).
Because the variation in geometric mean hydraulic conductivity for the combined estimates from aquifer-test analyses and specific-capacity data was as much by areas as by model layers, a two-way analyses of variance procedure (Steele and Torrie, 1980, p. 146-171) was performed on the Iog 10 transformed hydraulic conductivities to determine if the main factors of area and layer and the interactions of these factors (combinations of layers and areas) were significant in explaining the variation in hydraulic conductivity. Results from this test (table 4) indicate that the variation of means for the combination of areas and layers are significant at a probability level of 0.001. Therefore, statistical comparisons of means must be made on the combinations of layers and areas and not on the basis of layers or areas alone.
To compare the significance between means of layers within areas, each layer and area combination was categorized for all Iog 10 transformed hydraulic conductivities and a one-way analyses of variance procedure performed on values within each category. Means for each combination of layer and area were compared using the Duncan multiple-range test (Steele and Torrie, 1980, p. 187-188) at the probability level of 0.05. Results from the Duncan multiplerange test are listed in table 5. This comparison indicates that the mean Iog 10 hydraulic conductivity in model layer 11 of area 4 (alluvial deposits of the Mississippi River) is significantly higher than all other means except for layer 11 in areas 8 and 9, layer 2 in area 4, and layer 5 in area 5. The lowest means (Iog10 hydraulic conductivity less than 1.0) were from model layer 3 in areas 1 and 9; and layer 9 in area 6.
The distribution of geometric mean hydraulic conductivity for all combinations of layers and areas is illustrated in figure 13 . Means of layers within areas are excluded when the number of hydraulic conductivity estimates are less than 5. General statistics for each combination of layers and areas are given in table 6. The general trend of increasing geometric means within layers from areas in the western part of the study area ( fig. 13) to the east is similar to the overall trend when all estimates of hydraulic conductivity are grouped by areas ( fig. 12 ). The trend is most notable in model layer 9 where the geometric mean increases from 6 ft/d in area 6 to 85 ft/d in area 9. 
..
Base from U S Geological Sun Model layer 11 represents the alluvial deposits of the Mississippi River as well as the more recent deposits along the Gulf Coast (table 1 and fig. 3 ). The Mississippi River alluvial deposits are represented in area 4, whereas the coastal sediments of layer 11 are represented in areas 6 and 7. Areas 8 and 9 include both the alluvial deposits and the coastal sediments. The hydraulic conductivity of the coastal sediments in model layer 11 may be considerably less than those of the Mississippi River alluvial deposits, as indicated by the differences in the geometric means of layer 11 in areas 6 and 7 (69 ft/d and 49 ft/d, respectively) to the mean in area 4 (316 ft/d). The results in table 5 indicate these differences are significant. The somewhat smaller geometric means in areas 8 and 9 (189 ft/d and 132 ft/d, respectively) compared to area 4 may be the result of combining the coastal sediments with the Mississippi River alluvial deposits. However, the smaller values in areas 8 and 9 may also be caused by the sediments becoming finer grained as the Mississippi River approaches its delta.
Relation of Hydraulic Conductivity to Depth
The hydraulic conductivity of an unconsolidated sediment should decrease with depth as a result of sediment compaction caused by increasing overburden pressures. The relation between hydraulic conductivity and effective stress (effective overburden pressure or grain to grain load) is discussed by Helm (1976, p. 378-379.) An attempt was made to relate estimates from aquifer-test analyses and specific-capacity data to the depth of the middle of the perforated or screened interval of the wells. Thirtyseven estimates of hydraulic conductivity could not be related to depth because there were no data on the depth of the well or the depth to the top of the perforated interval. The distribution of depth below land surface to the middle of the perforated interval is shown in figure 14 for the 6,500 wells that also had an estimate of hydraulic conductivity. Depth to the middle of the perforated interval was less than 800 ft for about 80 percent of the wells. The mean was 580 ft and the standard deviation was 510 ft. (Steele and Torrie, 1980, p. 187-188 [ Hydraulic conductivites exceeding 1,000 feet per day were not included in the analyses. Five values from specific-capacity data and one value from aquifer-test analyses were assigned to area 10 which is the area offshore from the coastline. Either the locations of these wells are slightly in error or the wells were drilled on small islands. Figure 14 . Distribution of depths to middle of perforated or screened interval of wells from which hydraulic conductivities were determined from aquifer-test analyses and specific-capacity data.
An analyses of covariance was performed on the estimates of hydraulic conductivity in which area and model layers were the main factors and depth to the middle of perforated interval was the covariate. Two separate analyses were done on the Iog 10 transformed hydraulic conductivities; one used non-transformed depths, the other used Iog 10 transformed depths. Results from the analyses of covariance indicate that area, layer, depth, and the interactions (area by layer, depth by area, depth by layer, depth by layer and area) were all significant at the probability level of 0.02. The regression model using Iog 10 transformed depths was not better than the model that used non-transformed depths. The coefficient of determination (r-squared values) for the model using non-transformed depths is 0.423, whereas the coefficient of determination for the model using Iog 10 transformed depths is 0.426. Therefore, nontransformed depths were used for the analyses of covariance.
Equations relating hydraulic conductivity to depth are listed in table 7 for each layer and area combination. Equations are not listed for combinations in which there were fewer than 10 estimates. Included in the table is the number of values with depth estimates and the range in depths. Because of the poor fit of the regression model in the analyses of covariance, the values listed in table 7 only show general trends. Actual hydraulic conductivities may vary considerably from those calculated by the regression equations. The results, however, indicate that for a majority of layer and area combinations in which there^ were more than 10 hydraulic conductivity estimates, hydraulic conductivity decreased as depth increased (constant in equations listed in table 7 are divided by an exponential value).
In 11 of 41 equations, hydraulic conductivity increases with depth (constants in equations listed in table 7 are multiplied by an exponential value), and is constant in one equation (layer 10, in area 9). For 6 of the 11 equations, in which hydraulic conductivity increases with depth the increase is a factor of 2 or less over the range of data.
Although the analyses of covariance of Iog 10 transformed hydraulic conductivity indicates that depth may be a significant factor in the variation of hydraulic conductivity, the estimates can still vary considerably at a given depth in a model layer and area. The large variations may be caused by other factors not accounted for in this analysis.
Relation of Hydraulic Conductivity to Sand Thickness Payne (1968 Payne ( , 1970 Payne ( , and 1975 ) described the geohydrology of major sands (Cockfield and Yegua Formations, Sparta Sand, Carrizo and Meridian Sands) within the Claiborne Group. These units generally correspond to the upper Claiborne (model layer 6), middle Claiborne (model layer 5) and lower Claiborne-upper Wilcox (model layer 4) geohydrologic units in table 1. In his discussion of the permeability and transmissivity of each major sand unit, Payne compared the thickness of the sand section in which the well was screened to the hydraulic conductivity estimated from aquifer tests and specific-capacity data. He noted (1968, p. 5 ) that for sands deposited in stream channels, the hydraulic conductivity varied directly with the sand thickness. He further stated that such a relation was reasonable because the thicker sands were deposited where flow was persistent and where flow velocities were sufficient to produce a generally better sorted and coarser sand than those deposited along the margins of a channel or in the floodplain. Similarly, Fogg (1986) discussed the complexities of hydraulic conductivity variation within Wilcox Group (includes layers 2 through 4). Fogg concluded that the channelfill sands within the Wilcox Group were more permeable and continuous than sands deposited in the adjacent floodplain and interchannel basins. Because of the poor fit of the overall regression to the analyses of covariance (r-squared value of 0.43), equations only provide a general relation between hydraulic conductivity and depth. In the equation, hydraulic conductivity (K) decreases with depth (D) when the constant is divided by D; K increases with depth when the constant is multiplied by D. Equations are only useable in the range of depths used in the analysis.
Equations are unreasonable for depths less than actual data values. For layer 3, in area 9, K decreases from 20 feet per day at depth of 2,510 feet to 0.6 feet per day at depth of 3,530 feet. For layer 5 in area 9, K decreases from 84 feet per day at a depth of 740 feet to 1.4 feet per day at a depth of 2,520 feet.
-Hydraulic conductivity does not correlate with depth. (1968; p. A6, 1970, p. 85; and 1975, p Figure 15 . Relation between average hydraulic conductivity and sand thickness for selected units of the Claiborne Group.
Payne (1968, 1970, and 1975 ) selected categories of sand thickness for selected units in the Claiborne Group and then averaged the estimated hydraulic conductivities within each category. Results of his analyses are shown in figure 15 . In general, average hydraulic conductivity increased as the sand thickness increased in each of the selected units. Because of the relations described by Payne, an analysis of covariance was performed on the estimates of hydraulic conductivity over the entire study area. The main factors used in the analysis of covariance were area and model layer; the covariate was the thickness of sand beds. The analysis used the Iog10 transformed hydraulic conductivities for consistency with the other analyses presented in this report. Only estimates of hydraulic conductivity from aquifer-test analyses were used because most estimates of hydraulic conductivity from specific-capacity data did not include an associated estimate of the sand-bed thickness. Sand-bed thickness was estimated for wells by summing the thickness of all sand beds throughout the perforated interval.
A total of 1,195 estimates of hydraulic conductivity had an associated estimate of sandbed thickness. Estimates of sand-bed thickness ranged from 10 to 1,560 ft with 54 percent of the values being in the range from 26 to 100 ft. The mean thickness was 166 ft with a standard deviation of 239 ft.
Results from the analysis of covariance indicate neither the sand-bed thickness nor the Iog 10 transformation were significant at the probability level of 0.10. Thus, on a regional basis, a relation between hydraulic conductivity and sand-bed thickness could not be determined from the available information. This does not mean that a relation between hydraulic conductivity and sand-bed thickness does not exist, particularly for specific formations such as the Sparta Sand. However, for this large regional study, the results were inconclusive.
SUMMARY
Hydraulic conductivities were estimated from more than 1,500 aquifer tests and more than 5,000 specific capacities from wells drilled into the Tertiary and younger sediments of the Gulf Coast region in the south-central United States. The purpose for the estimates was to determine distributions of hydraulic conductivity of the coarser sediments (sands) for use in the simulation of regional ground-water flow as part of the Gulf Coast Regional Aquifer-System Analysis.
Estimates of hydraulic conductivities range from less than 1 ft/d to more than 1,000 ft/d. The hydraulic conductivities from aquifer test and specific-capacity data have a log normal distribution. The mean Iog 10 of hydraulic conductivity (units are in feet per day) estimated from 1,557 aquifer tests within the study area is 1.74, with a standard deviation of 0.63. The mean Iog 10 value of hydraulic conductivity estimated from specific-capacity data from 5,131 wells is 1.85, with a standard deviation of 0.58.
Because the distributions of hydraulic conductivity are log normal, the geometric mean was used as a representative hydraulic conductivity. The geometric mean for hydraulic conductivities estimated from aquifer tests is 55 ft/d and from specific capacity is 71 ft/d. Excluding estimates of hydraulic conductivities that exceed 1,000 ft/d resulted in a geometric mean of 52 ft/d from aquifer-test analyses and 68 ft/d from specific-capacity data. Values that exceed 1,000 ft/d were excluded because they are considered unreasonable for sediments in the study area. Hydraulic conductivities exceeding 1,000 ft/d are less than 2 percent of the total number of estimates.
Estimates of hydraulic conductivity from aquifer-test analyses and specific-capacity data were combined and the values grouped into 10 model layers that generally correspond to geohydrologic units, and into 9 geographic areas delineated within the overall study area. A two-way analysis of variance was performed on the estimates to determine if the main factors of area and layer were significant in explaining variation in the estimates. Results of the analysis indicate that the main factors of area, model layer, and the interaction of area and layer were significant at a probability level of 0.001. Because the interaction of area and layer was significant in the analysis, comparison of means was done on every area and layer combination using the Duncan multiple-range test.
Results of the comparison of means indicate that the largest geometric means were in model layers 2, 5, and 11 in areas along the eastern part of the study area that included Mississippi River alluvial deposits. The smallest geometric means were generally in layers 3, and 5 through 10 in areas along the western part of the study area. Within each model layer, the geometric mean hydraulic conductivity increased from areas along the western part of the study area to areas in the eastern part near the Mississippi River, which indicates that the deposits near the Mississippi River might be more permeable than elsewhere in the study area.
An analysis of covariance was performed on the estimates of hydraulic conductivity to determine if variations in hydraulic conductivity within each area and layer combination could be explained by well depth. Results of the analysis indicate that depth to the middle of the perforated or screened interval was significant at the probability level of 0.02, and that for a majority of area and layer combinations, hydraulic conductivity decreased as a function of depth. A second analysis of covariance was performed to determine if variation in hydraulic conductivity could be explained by the thickness of sand beds encountered over the perforated interval. Results of this analysis indicate that sand-bed thickness was not significant at a probability level of 0.10. These results were limited to estimates of hydraulic conductivity from aquifer-test analyses because sand-bed thickness was not estimated for wells with only specificcapacity data. Furthermore, the results do not mean a relation can not exist between hydraulic conductivity and sand-bed thickness for individual geohydrologic units in the study area.
